Abstract: GPS draconitic signal (351.6 ± 0.2 days) and its higher harmonics are observed at almost all IGS products such as position time series of IGS permanent stations. Orbital error and multipath are known as two possible sources of these signals. The effect of Earth shadow crossing of GPS satellites is another suspect for this signal. Up to now there is no serious attempt to investigate this dependence. A MATLAB toolbox is developed and used to determine the satellites located at the earth shadow. RINEX observation files and precise ephemeris are imported to the toolbox and a cylindrical model is used to detect the shadow regions. Data of these satellites were removed from the RINEX observation files of three IGS permanent stations (GRAZ, ONSA and WSRT) and new RINEX observation files were created. The time span of these data is about 11 years. The new and original files were then processed using precise point positioning (PPP) method to determine position time series, for further analysis. Both the original and new time series were analyzed using the least squares harmonic estimation (LS-HE) in the following steps. The 1 st step is the validation of the draconitic harmonics signature in the original position time series of the three stations. The 2 nd step does the same for the new time series.
nature in the original position time series of the three stations. The 2 nd step does the same for the new time series.
It confirms that the power spectrum at the draconitic signals decreases to some extent for the new time series. The difference between the original and new time series (difference between all three position quantity (X, Y and Z)) is then analyzed in the 3 rd step. Signature of the draconitic harmonics is also observed to the differences. The results represent that all eight harmonics of GPS draconitic period do exist at the residuals and mainly they decrease. All of the three stations were then processed together using the multivariate LS-HE method. At the 4 th step, the difference of the spectral values between the original time series and new times series were analyzed. Decreasing of the spectral values at most harmonics (e.g. 1 st , 2 nd , 4 th , 6 th , 7 th and 8 th )
represents the effect of removing satellite observations at shadow of the earth on draconitic harmonics. At least, five
Introduction
Detection of harmonic signals in GPS position time series has been the subject of intensive research in the last decade. We may refer to Refs. [1, 2, 4-6, 8, 17] . Some of these harmonic signals are matched with the period of GPS draconitic year. GPS draconitic year is the time taken for the Sun (as seen from the Earth) to complete one revolution with respect to the GPS orbital nodes (ascending). It takes 351.6 days ± 0.2 days [2, 17] . Because of orbital perturbation, mainly the flattening of the earth, the ascending node of the GPS orbits move slightly westward [3] , thus the GPS draconitic year is shorter than one sidereal year. Draconic year signals on the GPS time series were confirmed in the height component of IGS permanent stations time series [4, 5] . The harmonic signal with the period equal to GPS draconitic year is observed at nearly all IGS products [6] . Hugentobler et al. (2006) observed signals at geocenter motion time series that matched to GPS draconitic year harmonics [7] . In polar motion rates, 5 th and 7 th harmonics of GPS draconitic year are observed. In LOD (Length Of Day) time series the signals were founded at 6 th harmonic and in orbit discontinuities 3 rd harmonic is matched with the fundamental period of 351.2 days ± 2.8 days [6] . These signals illustrate errors at GPS analysis to detect surface deformations at the mm level [8] . Two possible sources of these signals are orbital error and multipath error [2] . IERS diurnal and semi-diurnal tide model errors are causing sub daily alias and draconitic errors in the IGS orbits. The repeating period of multipath is also related to draconitic year. Other sources of these signals are unknown yet. The periodic signals (error) limit the ability of GPS for detecting deformations at mm level [8] . Amiri-Simkooei, (2013) discussed about the nature of GPS draconitic year periodic pattern in multivariate position time series [17] Rodriguez-Solano et al. (2014) discussed the effect of different solar radiation pressure model and reducing the draconitic error in GNSS geodetic products [18] . In this paper we demonstrate the effect of crossing the satellites from the shadow of the earth as a possible source of GPS draconitic errors. We discuss the effect of removing observation of these satellite from RINEX observation files and its effect on GPS draconitic error.
GPS satellite attitude
Consider a body-fixed coordinate system such that the Z axis is aligned with the antenna and points toward the center of the earth. The X axis is pointing toward the half plane containing the sun and the Y axis is pointing along the solar panel and completes the right handed coordinate system. The satellite always oriented such that the Y axis is perpendicular to the sun-satellite-earth plane (Fig. 1 ). This is called nominal yaw attitude [9] . It has two constraints. First, the antenna used for transmission is always pointing toward the earth and second, the solar panels of the satellite are facing in the sun's direction. Because of these constraints satellites rotate along the Z axis. This rotation is called YAW. GPS satellites rotate around the earth in six planes called A, B, C, D, E, and F. These planes enter the shadow of the earth twice per draconitic year [10] . This shadow region is called an umbra (Fig. 2) . The GPS satellite of those planes that entering to the shadow of the earth cross umbra region twice per day. This period has different effects on different blocks of satellites. The most important effect is attitude changes of satellites during the shadow crossing time. The next effect is the midnight maneuver. In the following section these effects are discussed in detail for each of the GPS satellite blocks. 
Shadow crossing effect
The attitude of GPS satellites is influenced by shadow crossing due to losing the constraints discussed above. When GPS satellites cross the shadow, their solar panels do not receive sunlight and, therefore, cannot maintain the exact alignment of the solar panel. So the satellites start yawing in somewhat unpredictable way [10] . Knowing the attitude of satellites is an important issue due to the following three effects [9] : -Satellites antenna phase center offset -Phase wind-up effect -Modeling the solar pressure effects
Midnight (and noon) maneuvers effect
Midnight (and noon) maneuvers happen when the satellite-earth and satellite-sun vectors are collinear ( Fig. 3 ). At these two points, two discontinuities occur because any yaw angle represents an optimal orientation of solar panels [10] . This situation affects the GPS observations because of these two reasons:
-Satellites antenna phase center offset -Phase wind-up effect
The shadow crossing and midnight maneuver effects are not the same for different BLOCKs of GPS satellites.
BLOCK II/IIA
During crossing the umbra region, the satellites of Block II/IIA lose their attitude because their solar panels do not receive sunlight and the attitude control system is controlled by the noise of the system. So any little noise causes satellites to start yawing in an unpredicted way. Indeed the satellite starts yawing at maximum hardware yaw rates of about 0.10-0.13 deg/sec [9] . After exiting the shadow region the satellites of this Block need 30 minutes for recovery and to find their attitude. Because of the yawing movement, the midnight turn maneuver is not defined for Block II/IIA.
BLOCK IIR and IIF
The satellites of these Blocks are able to keep their nominal yaw attitude during the shadow of the earth. A comparison for Block IIF-1 between estimated and nominal yaw angle shows that the spacecraft keep its attitude during shadow crossing with the accuracy better than ± 3 degrees [11] . Midnight maneuvers are the main effects on the satellites of Block IIF and IIR. Block IIR has the 0.2 deg/sec maximum yaw rates the yaw motion for Block IIF-1 is slower, so the maneuver is lasting longer [9, 11] . The eclipse period affects the GPS observation. So, in this paper, elimination method is used to study the effects of eclipse period on GPS observation.
Methods

GPS Shadow Toolbox
A Matlab toolbox has been developed and used for detecting the satellites located at the shadow of the earth. In the toolbox a cylindrical model is used to determine the satellite at shadow region [12] . In Bernese v5 at creating standard orbit stage, the software finds the satellite at shadow of the earth. Table 1 represents the results of the model used at toolbox and Bernese for the day 25 Apr 2011. The eclipsing orbit is the plane A of GPS constellation. The small differences between toolbox and Bernese v5 results are due to the implemented sun ephemeris algorithms in the two programs. In order to insure the removal of eclipse period 8 minutes before eclipse entering and 30 minutes after eclipse exiting are removed from the raw observations.
After detecting the satellites at shadow of the earth, the toolbox removes the data on the eclipse regions plus the eight minutes additional times from the observation file and thirty minutes for recovery stage and it creates a new RINEX file.
Data Processing
The RINEX observation files of three IGS permanent stations (GRAZ, ONSA, and WSRT) for the 2002-2012 period were downloaded from the IGS data centers (http://www. igs.org). The selected stations were optional. All of these files were modified using the GPS shadow toolbox. So two kinds of RINEX files were available for each station: Original files and new (refined) files. Both of them were used to determine station coordinates using Precise Point Positioning technique.
Precise Point Positioning (PPP)
Precise Point Positioning (PPP) is a GPS/GNSS data processing technique that unlike relative positioning, does not use differenced observations that cancel the common errors. Errors depend on the physical phenomena (such as Tectonic plate motion, Ocean loading, Earth tides, tropospheric and ionospheric delays), errors depend on the satellite (such as satellite clocks, satellite antenna phase center offset, Differential code bias (DCB), relativity, satellite antenna phase center offset and variations, and phase wind-up error) and errors depend on the receiver (such as receiver antenna phase center offset and variations, cycle slips, and phase wind-up) enter the PPP solution [13] . Ionospheric free combinations (L3 and P3) is used at PPP solution. The following equations show L3 and P3 combination for phase and code observations, respectively [10] :
(1)
These two equations are fundamental observations for PPP solutions. Indeed, this model should be refined by adding Precise Point Positioning parameters. The unknown parameters of PPP solution are station position, receiver clock error, tropospheric delay, and ambiguity. PPP was performed by NRCAN PPP (Natural Resources of CANADA PPP) software. All files (nearly 22000 files) were sent to the Canadian Spatial Reference System Precise Point Positioning service through the Internet. Two kinds of coordinate time series were created for each station from the results of CSRS-PPP; original and new (modified) coordinates. The length of data for each time series is about eleven years. The original time series of parameter X are depicted at (Fig. 4a) for station GRAZ, (Fig. 4b) for station ONSA and (Fig. 4c) for station WSRT.
The original time series of parameter Y are depicted at (Fig. 5a ) for station GRAZ, (Fig. 5b) for station ONSA and (Fig. 5c) for station WSRT.
The original time series of parameter Z are depicted at (Fig. 6a) for station GRAZ, (Fig. 6b) for station ONSA and (Fig. 6c) for station WSRT. The new time series of parameter X are depicted at (Fig. 7a) for station GRAZ, (Fig. 7b) for station ONSA and (Fig. 7c) for station WSRT.
The new time series of parameter Y are depicted at (Fig. 8a) for station GRAZ, (Fig. 8b) for station ONSA and (Fig. 8c) for station WSRT. The new time series of parameter Z are depicted at (Fig. 9a) for station GRAZ, (Fig. 9b) for station ONSA and (Fig. 9c) for station WSRT.
In order to investigate the effect of file modification, spectral analysis is applied. We have unveiled the role of satellite eclipsing on GPS draconitic period harmonic of station coordinates time series in this paper.
Least-Squares Harmonic Estimation (LSHA)
Consider a time series with below definition [14, 15] :
where
A is the design matrix that contains two columns of the linear regression terms and the matrix A k consists of two columns corresponding to the frequency ω k of the trigonometric functions [5, 14, 15] .
where each x k vector consists of amplitude of trigonometric base functions as
So the problem is finding the frequencies ω k , and the number of necessary frequencies q. In order to find the number of base functions, the following null and alternative hypotheses should be tested: 
To solve the problem two steps are required: First step: finding the frequencies by minimizing
ea is the least squares residual under the alternative hypothesis. A possible replacement of (9) is [16] :
The advantage of using Eq. (10) and Eq. (11) is the existence of e 0 unlikeêa. Equation (11) is the least square spectrum. The function is computed for different frequencies and the maximum of them is accepted. For validating the accepted frequencies the second step starts. At the second step the following test is done. Statistic T 2 is defined by Eq. (12) [5] : At (12) if Qy is known:
And if Qy is unknown:
Equations (14) and Eq. (15) were chosen for the IGS permanent stations described above. If H 0 is rejected, we can increase i by one step and perform the same procedure for finding another frequency [5] .
Results
st step
The LSHE have been performed for all data series. Analyses on original data series have beendone in order to verify the existence of the draconitic harmonics at IGS position data series. At least five harmonics of GPS draconitic period are observed at spectrum values of all stations. These harmonics are depicted at (Fig. 10a) for station GRAZ, (Fig. 10b ) for station ONSA, (Fig. 10c) for station WSRT and (Fig. 10d ) for all stations in one processing step together (cumulative original time series of all stations at one processing step). Results are similar for all stations and existence of draconitic harmonics in time series are verified during this processing step.
nd step
Next analyses are on new time series. These time series derived from Matlab toolbox and do not have any observation from satellite at shadow of the earth. The results show that spectral values are changed. These changes are depicted at (Fig. 11a ) for station GRAZ, (Fig. 11b) for station ONSA, (Fig. 11c) for station WSRT and (Fig. 11d ) for all stations in one processing step together (cumulative new time series of all stations at one processing step). Overall changing (mainly decreasing) of spectral values for draconitic harmonics validate that the removing of eclipsed satellites may decrease the GPS draconitic error somedeal.
rd step
One could not specify the first, second and third harmonics of GPS draconitic period at the original time series. For verification that these harmonics exist and changed in the new data series, another analysis for the difference between the original and the new time series has been done. The results represents that all eight harmonics of GPS draconitic period are exist at residuals. These results are depicted at (Fig. 12a ) for station GRAZ, (Fig. 12b ) for station ONSA, (Fig. 12c) for station WSRT and (Fig. 12d) for all stations in one processing step together (cumulative difference of original and new time series of all stations at one processing step).
th step
The spectral values of the original time series minus the refined times series are illustrated versus periods. The re- (Fig. 13a ) for station GRAZ, (Fig. 13b ) for station ONSA, (Fig. 13c) for station WSRT.
For further verification a cumulative spectrum of stations GRAZ, ONSA, and WSRT are used. For this purpose all of the differences of spectrums (between new and original spectrums) for three stations are imported in one file and this file is processed by multivariate LS-HE procedure. The result is illustrated at (Fig. 14) . The effect of Earth shadow on time series is evident in this figure. The 359.2 days peak is due to mixture of annual period with first harmonic of draconitic year. If the length of data were enough long these periods would sharply present in the spectrum. Five harmonics in seven shows the amelioration of results (draconitic error reduction) after removing the earth shadowed data from RINEX raw data. This is mainly due to incomplete yaw attitude models in the shadow regions.
Discussion
Harmonic signals with GPS draconitic period is observed in nearly all IGS products. Two accepted sources of these harmonics are orbital error and multipath error. In this paper, crossing satellites through shadow region is studied to be one of the sources of GPS draconitic error. A toolbox has been written in MATLAB to refine RINEX observation files by using a cylinder model for detecting satellites in the shadow region. The observations of these satellites were removed from RINEX observation files and new RINEX files were created. GPS raw data of three IGS stations for eleven years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) ) are executed at toolbox and refined files are created. All original and refined files are positioned by NRCan PPP service and precise position data series are created. Five steps of spectral analysis on original and new data series is discussed in this paper. These steps have two purposes. The first purpose is checking the existence of draconitic harmonics at precise position time series. The first and second steps of multivariate LS-HE procedure validate the draconitic harmonic existence. The second purpose is to check the decreasing of draconitic effect at different harmonics after removing observation of satellites in the shadow region. This purpose is checked at second, third, fourth and fifth steps of multivariate LS-HE procedure. This analysis confirmed that spectral values decrease in most harmonics (e.g. 1 st , 2 nd , 4 th , 6 th , 7 th and 8 th harmonic). Changing (mainly decreasing) spectral values shows that GPS draconitic error due to crossing satellite through the eclipse region is decreased by using the shadow detector toolbox. The amount of decrease is not very large but it could affect the ability of GPS for detecting deformations at mm level. The effects of removing observation of satellites at shadow of the earth on draconitic harmonics are analyzed in this paper and it proves that the effect of GPS draconitic error is decreased (even slightly). It is expected that by using longer data series (e.g. more than 20 years time span) the effect of removing eclipsed satellites will show better results.
